This study tested the hypothesis that septal cholinergic lesions impair acquisition of a delayed matching to position (DMP) T-maze task in male rats by affecting learning strategy. Rats received either the selective cholinergic immunotoxin, 192 IgG-saporin (SAP) or artificial cerebrospinal fluid directly into the medial septum. Two weeks later, animals were trained to acquire the DMP task. SAP treated rats took significantly longer to acquire the task than corresponding controls. Both SAPtreated and control rats adopted a persistent turn and utilized a response strategy during early periods of training. By the time rats reached criterion the persistent turn was no longer evident, and all rats had shifted to an allocentric strategy, i.e., were relying on extra maze cues to a significant degree. During the acquisition period, SAP-treated rats spent significantly more days showing a persistent turn and using a response strategy than corresponding controls. The added time spent using a response strategy accounted entirely for the added days required to reach criterion among the SAP-treated rats. This suggests that the principal mechanism by which septal cholinergic lesions impair DMP acquisition in male rats is by increasing the predisposition to use a response vs. a place strategy, thereby affecting the ability to switch from one strategy to another.
INTRODUCTION
Cholinergic neurons of the medial septum (MS) that project to the hippocampus play an important role in learning, memory, and attentional processes, and have long been associated with the acquisition of working memory tasks [1, 5, 6, 19] . More recently, investigations utilizing the selective cholinergic immunotoxin 192-IgG Saporin (SAP) have found that lesioning cholinergic neurons of the MS has little or no effect on working memory in tests such as the Morris water maze [4, 13, 17 , for a review see 32] . However, this same lesion significantly *Corresponding Author: David A. Johnson, Ph.D., Graduate School of Pharmaceutical Sciences, Duquesne University, Pittsburgh, PA 15282, Phone: 412-396-5952, FAX: 412-396-4660, E-mail: johnsond@duq.edu. Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. delays acquisition of a delayed matching-to-position (DMP) T-maze task, which also requires intact working memory [20, 21, 25] . We previously reported that introduction of a mild aversive stimulus each day prior to training completely abolished the impairment in DMP acquisition produced by the cholinergic lesion in male rats [20] . This suggests that the effects of the cholinergic lesions on learning are, in part, dependent on the aversive or stressful nature of the task.
Rats can utilize a number of different strategies to solve spatial tasks [for a review see 18] . For example, an animal may utilize a consistent directional body turn to navigate a maze using either egocentric or allocentric cues, or a spatial strategy that relies on the location of extra maze visual cues [15, 30, 31] . Evidence suggests that turning strategies rely primarily on striatal circuits whereas spatial strategies rely more on hippocampal circuits [10, 16, 31, 36] . As an example, when the dorsal hippocampus was inactivated via an infusion of lidocaine, use of a place strategy was inhibited [30] . Conversely, following stimulation of the dorsal hippocampus with glutamate, rodents preferentially chose a place learning strategy [30] . Therefore, another mechanism by which MS cholinergic lesions could affect DMP acquisition independent of working memory is by affecting the use and/or preservation of a place or response strategy. The purpose of this study was to test the hypothesis that MS cholinergic lesions impair DMP acquisition in male rats by causing alterations in the adoption and/or preservation of the learning strategies used within the DMP task.
MATERIALS AND METHODS

Intraseptal infusions
All experiments followed NIH guidelines for the care and use of laboratory animals and were approved by the Duquesne University Institutional Animal Care and Use Committee. All chemicals were purchased through Sigma Inc., St. Louis, MO unless stated otherwise. Male Sprague-Dawley rats (275-300 g) were purchased from Hilltop Lab Animals (Scottdale, PA) and housed individually in a temperature and humidity controlled facility on a 12:12 h light: dark cycle and ad libitum access to food and water. For intraseptal infusion of SAP, animals were anesthetized with pentobarbital (50 mg/kg; IP; Ovation Pharmaceuticals, Deerfield, IL) and placed into a stereotaxic frame (Stoeling Co., Wooddale, IL). An incision was made exposing the dorsal aspect of the skull and a hole drilled over the MS (+0.2 bregma, 0.0 lateral). A stainless steel cannula (28 guage, Plastics One Inc., Roanoke, VA) was lowered 5.6 mm from dura into the MS. Animals were infused with either 1 µl of vehicle (artificial cerebrospinal fluid; CMA Inc., North Chelmsford, MA) or SAP (0.20 µg in 1 µl of artificial cerebrospinal fluid; Advanced Targeting Systems, San Diego, CA, Lot # 24-87) over 5 min at 0.2 µl/min using a syringe pump (Harvard Apparatus, Holliston, MA). The dose of SAP was selected based on previous studies that demonstrated a substantial loss of cholinergic neurons in the MS with little non-selective damage to GABAergic neurons [25] . Following infusion, the cannula remained in place for 5 min to allow diffusion of the solution into the tissue. The incision was closed and animals were allowed to recover for 2 weeks before behavioral testing.
Behavioral testing
a. Delayed Matching to Position-Fourteen days following surgery, rats were trained to acquire the DMP task as recently described [20, 21] . Rats were food deprived to 85% of their normal body weight and then adapted to the T-maze by placing them into the maze with sweetened reward pellets (45 mg Noyes pellets; Research Diets; New Brunswick, NJ) once per day for 5 days. Rats were then trained to run to the ends of each goal arm by using a series of six forced choices per day for 3 days. To avoid the introduction of side bias, right and left goal arms were alternated in a random and balanced fashion. Animals then began DMP training. Each rat received eight trial pairs per day. The first trial consisted of a forced choice in which one of the goal arms was closed, forcing the animal to enter the open goal arm to receive a reward (two pellets). The rat was immediately returned to the approach alley for an open choice trial during which both goal arms could be entered. Returning to the same goal arm entered during the forced trial resulted in a reward (four pellets). Entering the opposite arm resulted in no reward and confinement in the goal arm for 10 s. Rats were run in groups of three or four. After each trial pair, rats were returned to their cages for 5-10 min, while training proceeded on the remaining animals of the group. Goal arms were varied in a random balanced fashion. Rats continued to receive eight trial pairs per day until a criterion of 15 correct choices out of 16 consecutive open choice trials was met. The number of days required to reach criterion was recorded.
b. Strategy Testing-Four additional groups of 8 animals each (two SAP treated and two control) were trained as above until one of two criteria was reached: one SAP and one control group was trained until the rats adopted a persistent turn during the open choice trial; defined as 15 out of 16 repeated entries into the right or left goal arm. The other SAP and control groups were trained until they acquired the DMP criterion defined as 15 correct choices out of 16 consecutive trial pairs.
For each group, once the criterion was reached, rats then received an initial training session consisting of eight trial pairs as described above. Four to six hours later, a second training session was performed consisting of eight trial pairs in which the maze was rotated 180°b
etween the forced and open choice. This was done to evaluate the use of place vs. response strategies. Use of a response strategy was defined as re-entering the same physical arm of the maze that was visited on the preceding forced trial regardless of position in the room on at least 7 out of 8 consecutive trials. Use of a place strategy was defined as entering the arm located in the same position of the room that was visited on the preceding forced trial in at least 7 out of 8 consecutive trials. If neither of these criteria were met, the rat was categorized as having been disrupted in its behavioral strategy. So as not to disrupt the established learning strategy for animals that had acquired the DMP task, rats were rewarded no matter which arm was entered during the open choice trial. However, animals that displayed a persistent turning strategy were rewarded only if they entered the correct goal arm. Therefore, if the rat utilized a persistent turning strategy it would be rewarded only 50% of the time.
Choline acetyltransferase activity
Following the completion of behavioral training, animals were killed and ChAT activity in the hippocampus and frontal cortex was measured as previously described [22] . Briefly, animals were anesthetized with pentobarbital (100 mg/kg; IP), the brains removed, and tissues from the hippocampus and frontal cortex dissected, frozen, and processed. Tissues were not pooled. Frozen tissues were thawed and dissociated by sonication in a medium containing EDTA (10 mM) and Triton X-100 (0.5%) and diluted to a concentration of 10 mg tissue/ml. An aliquot of each sample was used for the determination of total protein [9] . Three 5 µl aliquots of each sample were incubated for 30 min at 37 °C in a medium containing 3 [H] acetyl-CoA (50,000-60,000 d.p.m./tube, final concentration 0.25 mM acetyl-CoA), choline chloride (10.0 mM), physostigmine sulfate (0.2 mM), NaCl (300 mM), sodium phosphate buffer (pH 7.4, 50 mM), and EDTA (10 mM). The reaction was terminated with 4 ml sodium phosphate buffer (10 mM) followed by the addition of 1.6 ml of acetonitrile containing 5 mg/ml tetrephenylboron. The amount of 3 [H] acetylcholine produced was determined by adding 8 ml of EconoFluor scintillation cocktail (Packard Instruments, Meriden, CT) and counting total cpm in the organic phase using an LKB beta-counter. Background was determined using identical tubes to which no sample was added. For each sample, the three reaction tubes containing sample were averaged and the difference between total cpm and background cpm was used to estimate the total amount of ACh produced per sample. ChAT activity was then calculated for each sample as pmol ACh manufactured/h/µg protein.
Statistical analysis
The number of days required to reach criterion, and the numbers of days rats used a response strategy, were compared between SAP-treated rats and controls using a Student's T-test. To compare SAP treatment effects during different stages of acquisition, performance data were blocked into training periods of 5 days each (a total of 6 periods). For blocked data, once an animal achieved criterion based on previous studies, a performance value of 93.8% was assigned for the following days until day 30 at the end of block 6. Performance during acquisition testing was analyzed using two-way ANOVA with repeated measures on training
RESULTS
ChAT Activity
SAP infusion into the MS produced significant reductions in hippocampal ChAT activity relative to controls (5.49±0.43 vs. 37.79±1.56 pmol ACh/hr/µg protein; p < 0.001). There was non-significant decrease in ChAT activity in the frontal cortex of animals that received SAP infusion (31.07 ± 2.25 control vs. 25.74 ± 2.94 SAP; p = 0.06).
Acquisition of the DMP T-maze task
Two-way ANOVA of acquisition data blocked over 5 day training periods (Fig 1) SAP-treated rats took significantly longer to reach criterion on the DMP task than corresponding controls (21.6 ± 1.3 days vs. 16.0 ± 0.4 days; p = 0.001; Fig 2) . Analysis showed that the total number of days that rats adopted a persistent turn was significantly greater for SAP treated rats than for controls (14.78 ± 1.76 days vs. 8.13 ± 1.66 days; p = 0.001; Fig 3) . There was no significant difference between groups in the total number of days that a persistent turn was not evident. Subtracting the number of days during which a persistent turn was evident from the number of days required to reach criterion eliminated the difference between the SAPtreated rats and controls on this measure (7.44 ± 1.25 vs. 8.25 ± 1.41 days; p = 0.63)
Strategy Testing
For strategy testing, four additional groups of 8 rats each were trained. Two groups were treated with SAP and two with artificial CSF. One SAP treated animal failed to run the maze. At the time that rats adopted a persistent turn, rotating the maze 180° between the forced and open choice resulted in the majority of rats meeting the criterion for using a response strategy, while no rats met the criterion for using a place strategy. Two of eight rats in the control group, and 3 of seven rats in the SAP-treated group showed a disruption of performance as defined above (Fig 4a and 4b) . In the set of control and SAP-treated rats that were trained until the DMP task was acquired, rotating the maze 180° resulted in no rats meeting the criterion for using a response strategy. Rather, 7 out of 8 controls, and in 8 out of 8 SAP-treated rats demonstrated a disruption in performance, indicating the use of a place strategy (Figure 4c and 4d) .
DISCUSSION
This study replicates our previous work [21, 22, 25] demonstrating that septal cholinergic lesion delays DMP acquisition in rats. The number of days needed to acquire the task in the SAP group in this study was nearly identical to the SAP group in our initial investigation [25] confirming the efficacy and selectivity of the SAP dose.
This study extends our previous work by showing that the delay in acquisition of the DMP task by SAP treated animals was the result of the increased number of days SAP animals utilized a persistent turning strategy. The time it took the rats to reach criterion in the DMP task was, in part, a function of perseveration in maintaining the egocentric response strategy before adopting the more efficient place strategy. The enhanced perseveration of SAP treated animals for utilizing the response strategy in the DMP T-maze task is consistent with other studies demonstrating behavioral perseverations in rats with impaired hippocampal function [2, 27, 35] . However, in those studies the hippocampal impairments were not the result of selective loss of cholinergic neurons. It is notable that the degree of perseveration in both control and SAP treatment groups was evident over 8 trial pairs even when the "correct" choice resulted in reward only 50% of the time.
Since cholinergic neurons of the basal ganglia are not affected by SAP [8] , the mechanism for perseveration of the response strategy in SAP animals in this study is likely the result of a decrease in the ratio of ACh release in the hippocampus relative to the basal ganglia. Work by Gold and co-workers showed that the release of ACh in the hippocampus and caudate nucleus changes during training, and that the ratio of ACh release in the hippocampus and caudate could accurately reflect the use of place and response strategies (see [23] for review). For example, Pych et al. [33] demonstrated that cholinergic tone is proportionally greater in the hippocampus than in the basal ganglia of rats utilizing a place strategy. Conversely, relative cholinergic tone was elevated in the basal ganglia compared to the hippocampus when rats were utilizing a response strategy. These finding are consistent with our results that show that cholinergic deafferentation of the hippocampus resulted in an increased predisposition to use a response vs. a place strategy during DMP acquisition. Even so, rats with depletion of hippocampal ACh were able to adopt a spatial strategy to reach criterion on the task, indicating that cholinergic projections to the hippocampus facilitate, but are not required, to adopt such a strategy.
A study by Cahill and Baxter tested strategy selection in rats using a cross-maze test. In contrast to the current study, they found that rats trained to approach a baited arm initially used a place strategy, and then shifted to a response strategy [12, 31] . However, the two paradigms differ in that in the DMP task, unlike the cross-maze, the reward arm is changed in a semi-random fashion from the beginning of training. Therefore, for both treatment groups, the use of a response strategy early in training would enhance the rate of reward beyond that of the alternation strategy initially adopted by the animals.
In another study, Bizon et al. [7] found that hippocampal ACh was not necessary for spatial learning in rats in the Morris Water maze (MWM), and demonstrated that depletion of hippocampal ACh by SAP resulted in animals being more likely to use a place strategy. The use of a place strategy in rats with depleted hippocampal ACh is consistent with the results of the current investigation. However, the difference in the results between the studies relates more to perseveration in the use of a response strategy in the DMP task than the capacity of rats with hippocampal ACh depletion to use a place strategy per se. As with Cahill and Baxter study, differences in the use of strategies by the rats in the two studies were likely a function of the particular testing paradigms. In particular, the environment of the MWM is aversive while the DMP T-maze is not. Previous work in our laboratory demonstrated that the introduction of a mild aversive stimulus into the DMP T-maze task paradigm abolished the delay in acquisition of the task in rats with septal cholinergic lesion [20] . To the extent that arousal decreases perseveration in rats with hippocampal depletion of ACh suggests that the role of ACh in the hippocampus may be related to an overall modulation of hippocampal activity than absolute function, and that activation of the hippocampus via other neuronal afferents could compensate for the loss stimulatory tone mediated by cholinergic enervation
The results of this study are similar to effects observed in overiectomized female rats [21] , with a couple of important differences. For example, in the present study, all rats displayed a persistent turn early on during acquisition, and cholinergic lesions affected only the number of days that a persistent turn was evident. In overiectomized females, the majority of nonlesioned rats did not display a persistent turn during acquisition. In this case, cholinergic lesions increased both the percentage of rats that engaged in persistent turning as well as the number of days that a persistent turn was evident [21] . Notably, estradiol treatment did not appear to affect the likelihood of developing a persistent turn in overiectomized females [22] . This suggests that males may have a greater predisposition towards using a response strategy during DMP training than females. Why males initially show a strong predisposition towards using an egocentric (e.g., response) learning strategy on the DMP task is not known. Rodents have a natural tendency not to re-enter a recently visited location, which manifests as spontaneous alternation behavior. The DMP task requires rats to counter this innate response. This is evident by the fact that rats performed at levels below chance at the start of training. The adoption of a persistent turn produces an immediate gain by enabling rats to improve their performance to chance levels. This egocentric approach may be easier for rats than one which relies on extra maze cues. This may be particularly true of males, which prefer to rely on geometric cues, as opposed to visual cues, to solve spatial tasks [3, 26, 34] .
In summary, our findings show that male rats have a strong initial tendency to use an egocentric response strategy during DMP acquisition, and that septal cholinergic lesions impair DMP acquisition in males by increasing the number of days that the response strategy persists. This effect likely reflects a greater influence of striatal circuits on learning strategy in rats in which cholinergic enervation of the hippocampus has been compromised. Acquisition of the DMP task. Training was blocked into 5 day periods with each point representing t. The performance of both treatment groups (Control n = 9 and SAP n = 8) improved over time. During periods 3 and 4 (days 11-15 and 16-20 respectively) the performance of control was significantly better than the SAP group ** p < 0.01). Comparison of the mean ± S.E.M., numbers of days to reach criterion for control and SAP treated rats. SAP-treated rats took significantly longer to reach criterion on the DMP task than corresponding controls (21.6 ± 1.3 days vs. 16.0 ± 0.4 days; ** p < 0.01) Comparison of the mean ± S.E.M., total number of days that rats adopted a persistent turn was significantly greater for SAP treated rats than for controls (14.78 ± 1.76 days vs. 8.13 ± 1.66 days ** p < 0.01) Figures: 4A and 4B. Disruption of persistent turning strategy (failure to turn in the same direction at least 7 of 8 trials during the open choice trials). There was no significant effect of rotating the T-maze 180° in either control or SAP treatment groups (p > 0.05; Fisher's Exact test) indicating that spatial cues were not a significant factor for either control or SAP treated animals when using a response strategy to navigate the T-maze. 4C and 4D. Disruption of place strategy (failure to return to goal arm during open choice trial for at least 7 of 8 trial pairs). There was a disruption in navigation by rotating the T-maze 180°, in both control and SAP treated groups (p < 0.002; Fisher's Exact test) This result indicates that visual spatial cues played a significant role in navigation for both treatment groups once the rats achieved criterion in the DMP T-maze task.
